mRNA levels almost 80% lower in hepatoma tissues than in normal liver. The decreased IGFBP-3 expression has been associated with epigenetic changes such as DNA methylation and histone deacetylation (3, 4). IGFBP-3 is the most abundant insulin-like growth factor-binding protein in the human circulation, where it forms part of the IGF transport complex that stabilizes IGF-I and IGF-II and limits their access to tissues (5). In addition to its transport function, IGFBP-3 also has multiple biological roles at the cellular level, which depend on its interaction with a wide range of ligands (6, 7). By virtue of its ability to bind IGF-I and IGF-II with high affinity, IGFBP-3 can inhibit signaling through the type I IGF receptor. Other functions, independent of IGF binding, include effects on apoptosis, cell growth, differentiation, and migration, many of which appear dependent on the cell type and context (8 -10). For example, IGFBP-3 can induce apoptosis in various cancer cell models, including prostate and breast cancer (11, 12), although it can also have growth-stimulatory effects (13).
Reduced expression of insulin-like growth factor (IGF)-binding protein-3 (IGFBP-3) occurs frequently in human liver cancers. Yumoto et al. (1) detected IGFBP-3 transcripts in only 10% of 57 primary hepatomas, and Luo et al. (2) reported IGFBP-3 mRNA levels almost 80% lower in hepatoma tissues than in normal liver. The decreased IGFBP-3 expression has been associated with epigenetic changes such as DNA methylation and histone deacetylation (3, 4) . IGFBP-3 is the most abundant insulin-like growth factor-binding protein in the human circulation, where it forms part of the IGF transport complex that stabilizes IGF-I and IGF-II and limits their access to tissues (5) . In addition to its transport function, IGFBP-3 also has multiple biological roles at the cellular level, which depend on its interaction with a wide range of ligands (6, 7) . By virtue of its ability to bind IGF-I and IGF-II with high affinity, IGFBP-3 can inhibit signaling through the type I IGF receptor. Other functions, independent of IGF binding, include effects on apoptosis, cell growth, differentiation, and migration, many of which appear dependent on the cell type and context (8 -10) . For example, IGFBP-3 can induce apoptosis in various cancer cell models, including prostate and breast cancer (11, 12) , although it can also have growth-stimulatory effects (13) .
Whereas in the rodent liver, IGFBP-3 gene expression is predominantly confined to Kupffer cells (14) , in human liver, IGFBP-3 is synthesized by hepatocytes (15) and has been proposed to function as an inhibitor of cell proliferation in hepatocellular carcinoma (HCC) 4 (3, 16) . MS-275 is a histone deacetylase inhibitor for which a significant anti-cancer role has been demonstrated in vitro and in vivo (17, 18) . In this study, we have investigated the involvement of endogenous IGFBP-3 in the anti-tumor effects of MS-275, by down-regulating its expression using siRNA. We describe roles for IGFBP-3 in hepatoma cell proliferation and migration, and we identify IGFBP-3-dependent proteins involved in mediating these effects.
EXPERIMENTAL PROCEDURES
Materials-Cell culture reagents were from Invitrogen. MS-275, trypan blue, propidium iodide, and RNase were purchased from Sigma. Chemically synthesized siRNA against IGFBP-3, THBS2, and LYVE1 and an IGFBP-3 scrambled control were from Qiagen (Doncaster, Victoria, Australia). Recombinant human IGFBP-3 was produced in 911 human retinoblastoma cells (19) . The following antibodies were purchased for Western analysis: histone H3, histone H3-acetyl-LYS 9/18, his-□ S The on-line version of this article (available at http://www.jbc.org) contains supplemental Methods and Figs. S1-S4. 1 Recipient of an Australian postgraduate award and a Douglas and Lola Douglas Scholarship. 2 Recipient of Cancer Institute New South Wales fellowship. 3 To whom correspondence should be addressed: Transient transfections with siRNA were achieved by electroporation (Amaxa, Lonza Cologne AG, Cologne, Germany). Cells were grown to 70 -90% confluence before transfection, for which 3 ϫ 10 6 cells were resuspended in 100 l of Nucleofector Solution V and mixed with 10 l of siRNA (2.5 g). The mixed cell suspension was transferred to an Amaxa cuvette inserted into the Nucleofector, and specific programs were activated for different cell lines (HepG2, T-028; HuH6, A-020). After transfection, prewarmed DMEM containing 10% FCS was immediately added to cells, which were then transferred into new plates or flasks.
Quantitative Real Time RT-PCR-Total RNA was isolated using TRIzol reagent (Invitrogen) according to the manufacturer's protocol. RNA was further purified using LiCl (2.5 M final) and incubation at Ϫ20°C for 2 h. Samples were centrifuged at 1500 rpm for 15 min at 4°C, and the pelleted RNA was resuspended in RNase-free water before storage at Ϫ80°C until analysis. Total RNA (1-3 g) was reverse-transcribed using Superscript III first-strand synthesis system for RT-PCR (Invitrogen) and random hexamers. Fluorescence-labeled TaqMan probes (Applied Biosystems, Foster City, CA) were used for cDNA amplification, and quantitative RT-PCR (qRT-PCR) was performed and analyzed as described previously (13) , using hydroxymethylbilane synthase (HMBS) as the reference gene.
Chromatin Immunoprecipitation Assays-Chromatin was isolated from 1.5 ϫ 10 7 HepG2 cells using the ChIP-IT assay kit (Active Motif, Carlsbad, CA) according to the manufacturer's protocol and immunoprecipitated with antibodies against acetylated histone H3 or acetylated histone H4 (Upstate Biotechnology, Lake Placid, NY). IGFBP3 primers for PCR were from Sigma. The first IGFBP3 primer pair (Ϫ2; ϩ134) was forward 5Ј-CCAGATGCGAGCACTGCG-3Ј and reverse 5Ј-CATGACGCCTGCAACCG-3Ј; the second primer pair (ϩ68; ϩ254) was forward 5Ј-GTGTACTGTCGCCCCATCCC-3Ј and reverse 5Ј-CTCGCAGCGCACCACG-3Ј. PCR was performed in a DNA Engine Dyad thermal cycler (MJ Research, Incline Village, NV), and products were electrophoresed on 2% agarose gels and visualized after ethidium bromide staining using a FujiFilm Image Reader FLA-3000 (FujiFilm, Tokyo, Japan). Densitometric analysis was performed using MultiGauge version 3.0 analysis software (Fujifilm).
Proliferation and Apoptosis Assays-Cell number and viability were determined by trypan blue exclusion. Cells in 6-well plates were treated with MS-275 for 24 or 48 h, and media and resuspended cells were then pooled and centrifuged. Cell pellets were resuspended in FCS and mixed with an equal volume of trypan blue solution. Viable and nonviable cells were counted separately using a hemocytometer. DNA synthesis was measured by [methyl-3 H]thymidine incorporation as described previously (20) . Apoptosis was measured on combined adherent and floating cells using the EnzChek caspase 3 assay kit (Molecular Probes, Eugene, OR).
Migration Assays-Cell migration through uncoated 8-m pore membranes was determined by dispensing HepG2 cells in DMEM containing 10% FCS into the inserts of Transwell plates (Corning Glass), with the same medium in the lower chamber. After 24 h at 37°C, medium in the inserts was replaced with fresh medium containing 1% FCS and 5 M cytosine-␤-D-arabinofuranoside to inhibit proliferation. Cells that migrated through the membrane over 24 h were stained with Cell Stain Solution (CytoSelect 24-Well cell invasion assay kit, Cell Biolabs Inc, San Diego) for 15 min at 21°C. Phase contrast micrographs were obtained from three fields per insert (IX70-S1F2 inverted microscope, Olympus Optical Co. Ltd., Japan), and then the stain was extracted into cell extraction solution (CytoSelect 24-Well cell invasion assay kit). Duplicate 100-l samples were transferred to microtiter plates, and absorbance was measured at 560 nm.
Protein Immunoblotting-Cells were washed twice in PBS and lysed directly in wells by adding sample buffer (62.5 mM Tris-HCl, 2% SDS, 10% glycerol, 50 mM DTT, and 0.01% bromphenol blue). Lysates were sonicated, centrifuged at 12,000 rpm for 10 min at 4°C, and then heat-denatured for 5 min at 95°C. Proteins were separated on NuPAGE 4 -12% BisTris gels (Invitrogen) and transferred to Hybond C nitrocellulose membranes (GE Healthcare), and membranes were blocked and then incubated with primary antibodies overnight at 4°C, followed by the appropriate secondary antibody for 1 h at 21°C. Proteins were visualized using ECL Plus Western blotting detection reagents (GE Healthcare) and an ImageReader LAS-3000 (FujiFilm). Protein expression was normalized to actin, and densitometry was performed using MultiGauge imaging software (FujiFilm).
Statistical Analysis-Experiments were carried out three times, in triplicate unless otherwise stated. Statistical analysis was by StatView (SAS Inc., Cary, NC). Results are expressed as mean values Ϯ S.D., with p Ͻ 0.05 considered significant. Post hoc analyses after ANOVA used Fisher's protected least significant difference test.
RESULTS

Effects of IGFBP-3 Induction by MS-275-MS-275
is an orally active synthetic benzamide derivative that inhibits HDAC activity in vitro and has been evaluated clinically. It has preferential specificity for class 1 HDACs (21). Fig. 1A shows that exposure of HepG2 cells to 1 or 6 M MS-275 for 24 h markedly increased the acetylation of histones H3 and H4. A similar result was seen in HuH6 cells (supplemental Fig. 1, A and B) . This was associated with a loss of cell viability at 24 h that was more pronounced by 48 h (Fig. 1B) . Both inhibition of DNA synthesis ( Fig. 1C ) and induction of apoptosis ( Fig. 1D ) appeared to contribute to the loss of cell viability. An alternative HDAC inhibitor, trichostatin A, was also tested for its effect on HepG2 cell growth and was found to inhibit DNA synthesis potently at concentrations of 0.1 M or higher (supplemental Fig. 2A) .
Concomitantly, IGFBP-3 secretion by HepG2 cells, determined by radioimmunoassay (22) , was strongly induced by MS-275 ( Fig. 2A) , and IGFBP-3 mRNA, determined by qRT-PCR, was increased (Fig. 2B ). Trichostatin A similarly stimulated IGFBP-3 secretion (supplemental Fig. 2B ). In HuH6 cells, secreted IGFBP-3 was undetectably low in conditioned media, but IGFBP-3 mRNA was also inducible by MS-275 (supplemental Fig. 1C ). Acetyl histone interaction with the IGFBP3 promoter was therefore determined (Fig. 2C) . In control HepG2 cells, immunoprecipitated acetyl histone H3 (Fig. 2C, lane 3) showed only weak association with the IGFBP3 promoter regions from nucleotides Ϫ2 to ϩ134 and ϩ68 to ϩ254, whereas immunoprecipitated RNA pol II (lanes 1 and 5), tested as a positive control, showed a positive interaction. Immunoprecipitation with control IgG (Fig. 2C , lane 2) and anti-acetyl histone H4 (lane 4) was negative. Treatment with 6 M MS-275 significantly increased acetylated histone H3 (Fig. 2C , lane 7) associated with both regions of the IGFBP3 gene ( Fig. 2D ; p ϭ 0.002 compared with untreated control). However, only weak association was seen when anti-acetyl histone H4 (Fig. 2C, lane  8) or the IgG control (lane 6) was used for immunoprecipitation. This indicates that the increased acetylated histone H3, seen in response to MS-275 treatment, associates with the IGFBP3 promoter, presumably causing direct enhancement of transcription.
Effects of Down-regulating Endogenous IGFBP-3-
To investigate the role of endogenous IGFBP-3, it was down-regulated in HepG2 and HuH6 cells using siRNA. HepG2 cells transfected with scrambled siRNA and treated with MS-275 secreted ϳ2.5 ng/ml IGFBP-3, but IGFBP-3 was undetectable (Ͻ0.5 ng/ml) in the absence of MS-275 or when IGFBP-3 was downregulated ( Fig. 3A) . Secreted IGFBP-3 was undetectable in HuH6 media (data not shown). After 48 h, IGFBP-3 mRNA from cells transfected with IGFBP-3 siRNA was at least 90% lower than from those cells transfected with scrambled siRNA in HepG2 cells (Fig. 3B) , and about 80% lower in HuH6 cells (data not shown). In HuH6 cells without treatment by MS-275, expression of IGFBP-3 mRNA was undetectable.
Viable HepG2 cells were decreased ϳ50% over 24 h by 6 M MS-275 (Fig. 3C ). Down-regulating IGFBP-3 by siRNA significantly reversed the loss of viability caused by MS-275 (p Ͻ 0.05), cell numbers no longer being significantly decreased by MS-275 (p ϭ 0.09). IGFBP-3 down-regulation had no effect on viability in the absence of MS-275 (p ϭ 0.5). In contrast, the viability of HuH6 cells was decreased to a smaller extent by MS-275 in the presence of control siRNA (ϳ24%) and not significantly reversed by knockdown of IGFBP-3 (Fig. 3D) .
Treatment with 6 M MS-275 for 12 or 24 h strongly inhibited DNA synthesis (Fig. 4) . IGFBP-3 down-regulation had little effect on DNA synthesis in the absence of MS-275, but in its 5) , control rabbit IgG (lanes 2 and 6), or antibodies against acetylated histone H3 (lanes 3 and 7) or acetylated histone H4 (lanes 4 and 8) . PCR amplification of IGFBP3 promoter regions Ϫ2 to ϩ134 and ϩ68 to ϩ254 is indicated. ChIP assays were performed three times with similar results. D, mean Ϯ S.D. of three independent assays was calculated by densitometric analysis of imaged blots, with changes after MS-275 treatment shown relative to untreated controls (Ctrl). *, p Ͻ 0.002 compared with control, determined by ANOVA.
presence, it partially reversed the inhibitory effect of MS-275. After 12 h of MS-275 treatment, DNA synthesis was increased ϳ2-fold in cells transfected with IGFBP-3 siRNA compared with the scrambled siRNA-transfected cells (Fig. 4A) , and after 24 h of treatment, the increase in DNA synthesis when IGFBP-3 was down-regulated was ϳ6-fold (Fig. 4B) . Thus, down-regulation of endogenous IGFBP-3 partially protects cells against MS-275-induced inhibition of DNA synthesis. Addition of 250 ng/ml recombinant IGFBP-3 inhibited growth by 30% in the absence of MS-275 and significantly attenuated the protective effect of IGFBP-3 silencing in the presence of MS-275 (p Ͻ 0.05). However, the effect was small, and DNA synthesis remained significantly greater than when IGFBP-3 was not silenced (Fig. 4C) . This indicates that, although endogenous IGFBP-3 induction accounts for part of the growth-inhibitory effect of MS-275, exogenous IGFBP-3 does not mimic this effect well, suggesting that intracellular IGFBP-3 may be more important than extracellular and/or that there are other actions of MS-275 that are unrelated to IGFBP-3.
Treatment with 6 M MS-275 markedly inhibited the progression of HepG2 cells from G 0 /G 1 to S phase (data not shown). Reiterating the DNA synthesis results, when IGFBP-3 was down-regulated by siRNA, MS-275-treated cells had a significantly higher percentage of cells in S phase than when the scrambled siRNA was used (p ϭ 0.03), i.e., MS-275 was less inhibitory to cell cycle progression when IGFBP-3 was downregulated. This again suggests that IGFBP-3 induction by MS-275 contributed to its effects on cell growth. In HuH6 cells there was no significant decrease in the S phase fraction, or any other cell cycle change, on exposure to MS-275 for 24 or 36 h (data not shown).
Effect of HDAC Inhibition and IGFBP-3 Down-regulation on p21 Expression-Treatment of cells with MS-275 is associated
with an increase in expression of p21(CIP1/WAF1), a cyclindependent kinase inhibitor (17, (23) (24) (25) . Because IGFBP-3 might mediate the antiproliferative effect of MS-275 at least in part by inducing p21, its expression was determined after knockdown of IGFBP-3. In HepG2 cells, p21 mRNA was induced Ͼ4-fold by MS-275 over 24 h (Fig. 5A) , and IGFBP-3 down-regulation significantly impaired both basal and MS-275-induced p21 expression (both p Ͻ 0.001). A similar result was seen if exposure to MS-275 was for 6 or 12 h instead of 24 h (data not shown). In HuH6 cells, p21 mRNA was induced over 60-fold by MS-275 (supplemental Fig. 1D) , and similarly IGFBP-3 down-regulation partially impaired the induction of p21 expression (p Ͻ 0.001). Western blots confirmed that p21 up-regulation by MS-275 was impaired by IGFBP-3 silencing (Fig. 5B) ; thus p21 induction by HDAC inhibition is, in part, dependent on IGFBP-3 up-regulation. 
Role of Endogenous IGFBP-3 in Cell
Migration-In contrast to its negative effect on cell proliferation and viability, exposure to MS-275 for 24 h enhanced cell migration across transwell membranes by 53% (p Ͻ 0.01). As shown in Fig. 5C (right panel), IGFBP-3 silencing by siRNA significantly inhibited cell migration in the absence of MS-275 (p Ͻ 0.005) and ablated the stimulatory effect of MS-275. These data indicate that endogenous IGFBP-3 enhances HepG2 cell migration and suggest that IGFBP-3 induction alone may account for the stimulatory effect of MS-275 on cell migration.
Genes That Mediate IGFBP-3 Effects-To identify genes that might mediate effects of IGFBP-3 induced by MS-275, gene expression analysis was undertaken using Affymetrix Human Genome U133 Plus 2.0 oligonucleotide arrays. After IGFBP-3 silencing for 24 h, cells were treated with or without MS-275 for 12 or 24 h (see supplemental Methods). MS-275 caused a marked up-regulation of many transcripts (supplemental Fig.  3) , with 3267 transcripts up-regulated at least 2-fold after treatment for 24 h, 1439 up-regulated by at least 4-fold, and 367 up-regulated by at least 16-fold. Expression data were analyzed to identify genes up-regulated at least 4-fold by MS-275 in cells treated with scrambled siRNA, for which the up-regulation was attenuated in cells treated with IGFBP-3 siRNA. This would suggest that the MS-275 effect on these genes might be mediated in part through IGFBP-3. The supplemental Fig. 4 illustrates the expression levels of three such genes as follows: IGFBP3 itself, THBS2 encoding thrombospondin-2, and LYVE1 encoding lymphatic vessel endothelial hyaluronan receptor 1. For comparison, expression levels of three other genes, also induced by MS-275 but unaffected by IGFBP-3 silencing, are also shown as follows: HSPA2 (heat shock 70-kDa protein 2), RAB31 (Ras-related protein Rab-31), and FA2H (fatty acid 2-hydroxylase). was increased almost 10-fold after 24 h of exposure to MS-275, but only 3.7-fold when IGFBP-3 was down-regulated, indicating that IGFBP-3 had an intermediary role in the induction of LYVE1 expression (Fig. 6A) . Similarly, in control cells, THBS2 mRNA expression was increased 158-fold after 24 h of exposure to MS-275 and reduced to 39-fold when IGFBP-3 was downregulated. Western blotting confirmed the mediating role for IGFBP-3 in the induction of both proteins by MS-275 in HepG2 cells (Fig. 6B) . Under similar conditions in HuH6 cells, neither protein was detectable before or after MS-275 treatment (data not shown).
To determine whether either LYVE1 or THBS2 was involved in mediating the biological responses to IGFBP-3 induction by MS-275, both proteins were silenced using specific siRNAs. For LYVE1 siRNA, down-regulation of at least 90%, determined after 24 h of MS-275 treatment, was achieved at both the mRNA and protein level, compared with control nonsilencing siRNA, and for THBS2 siRNA, down-regulation of about 70% was achieved at both the mRNA and protein level (data not shown). However, neither LYVE1 nor THBS2 down-regulation affected the ability of MS-275 to inhibit cell viability (Fig. 6C) . A similar lack of effect of down-regulating LYVE1 or THBS2 was seen when the end points were thymidine incorporation or cell cycle distribution determined by flow cytometry (data not shown). These data indicate that neither LYVE1 nor THBS2, two proteins whose induction by MS-275 was greatly attenuated by IGFBP-3 down-regulation, was involved in the growthinhibitory effects of MS-275 that are mediated by IGFBP-3.
In contrast, both LYVE1 and THBS2 appeared to modulate the IGFBP-3-dependent stimulation of HepG2 cell migration by MS-275. MS-275 treatment stimulated HepG2 cell migration by ϳ50% (Fig. 6D, left panel) . As previously shown in Fig.  5C , this cell migration was substantially inhibited by IGFBP-3 down-regulation. When LYVE1 was down-regulated, basal HepG2 migration was unaffected, but MS-275 no longer stimulated the migration rate (Fig. 6D, right panel) . THBS2 downregulation had a somewhat different effect, causing over 50% inhibition of basal cell migration. MS-275 increased the migration rate, but not above the basal rate seen in nonsilenced cells. These results suggest that the ability of IGFBP-3 to stimulate HepG2 cell migration is at least in part mediated by IGFBP-3 induction of LYVE1, and it also points to a role for the IGFBP-3-dependent protein THBS2 in modulating HepG2 migration.
DISCUSSION
The association between IGFBP-3 expression and cancer cell growth has been difficult to clarify, with conflicting results seen in different studies. There are reports of IGFBP-3 overexpression in squamous cell lung cancer (26) , localized prostate cancer (27) , pancreatic adenocarcinoma (28), clear cell renal cell carcinoma (29) , metastatic melanoma (30) , and breast cancers with poor prognosis (31) . In contrast, in patients with HCC, IGFBP-3 mRNA is consistently expressed at a lower level in tumor tissue than in healthy liver (3, 16) . Serum IGFBP-3 levels are also reduced in patients with HCC (32), although the association between IGFBP-3 levels and disease staging is poor (33) . The IGFBP3 gene is epigenetically suppressed in HCC (3), showing transcriptional silencing by methylation of promoter binding sites for p53 (34) . HDAC inhibition by trichostatin A has also been shown to cause transcriptional activation of IGFBP3 (4). Together, this pattern of regulation of IGFBP-3 in HCC resembles that of a classic tumor suppressor (3). However, the mechanisms by which IGFBP-3 limits the growth of liver cancer cells are poorly understood.
In the two hepatoma cell lines studied, basal IGFBP-3 protein levels were undetectable although IGFBP-3 mRNA could be detected by qRT-PCR. HDAC inhibition by MS-275 markedly up-regulated IGFBP-3 mRNA and provided an opportunity to determine IGFBP-3 function by suppressing the MS-275-induced levels using siRNA. Both cell lines used in this study express wild type p53, consistent with the majority of HCCs reported in many studies (35, 36) . The reactivation of IGFBP-3 expression by HDAC inhibition has been observed in both p53-wild type and mutant cell lines, indicating that this effect is not dependent on p53 (4, 37) . Treatment with MS-275 decreased total cell numbers, thymidine incorporation, and G 1 -S transition and increased apoptosis, accompanied by a marked induction of IGFBP-3 at both the mRNA and protein levels. IGFBP-3 induction appeared to be a direct transcriptional response to HDAC inhibition because increased association of acetylated histone H3 with IGFBP3 promoter sequences was observed. IGFBP-3 down-regulation did not affect cell growth in HepG2 or HuH6 cells in the absence of MS-275 but partially attenuated the growth inhibition by MS-275 in HepG2 cells. The inability of IGFBP-3 down-regulation to completely reverse the MS-275-induced loss of cell viability and DNA synthesis may reflect the incomplete knockdown of IGFBP-3, but it is also likely that factors unrelated to IGFBP-3 contribute to the inhibitory effect of MS-275.
Addition of 250 ng/ml recombinant human IGFBP-3, a relative excess, was unable to reverse the increased DNA synthesis caused by IGFBP-3 silencing, suggesting that the cells were resistant to the exogenous protein, as observed previously in prostate cancer (10) and breast cancer (38) cell cultures. The lack of sensitivity toward exogenous IGFBP-3, relative to endogenous IGFBP-3, might relate to differences in post-translational modification between the two forms or differences in access to the appropriate subcellular compartment. Thus, although exogenous IGFBP-3 can be growth-inhibitory, more potent inhibition is achieved by activating the endogenous protein using agents such as MS-275.
p21, a member of the Cip/Kip family, plays an important role in cell cycle control by regulating cyclin-Cdk kinase activity (39) . HDAC inhibitor-mediated activation of p21 has been closely linked to cellular G 1 -S growth arrest and is a key factor in HDAC inhibitor-mediated prevention of tumor growth (24, 40) . Although p21 is induced in a p53-dependent manner in response to DNA damage, it can also be induced in a p53-independent manner (41) . For example, increased histone acetylation in response to sodium butyrate in p53-mutant HT-29 colon cancer cells induces p21 (40) . Therefore, IGFBP-3 might mediate the anti-proliferative effect of MS-275 in hepatoma cells through stimulation of p21 independently of p53 status. Our observed induction of p21 following inhibition of HDAC by MS-275, seen in both HepG2 and HuH6 cell lines, is consistent with studies in other cell types (23) (24) (25) . Notably, the enhanced expression of p21 by MS-275 could be blocked by IGFBP-3 siRNA, a novel observation implying an important and previously unrecognized role for the induction of IGFBP-3 in the pathway between MS-275 treatment and cell cycle inhibition by p21.
Like its variable effect on growth parameters in different cell models and contexts, IGFBP-3 has different effects on cell migration in different cell types. Whereas inhibitory effects have been observed in endometrioid ovarian cancer (42), Ewing's sarcoma (43) , and non-small cell lung cancer cells (44) , IGFBP-3 can induce migration in melanoma (30) and breast cancer (38) cells, as well as umbilical vein (45) and retinal (46) endothelial cells. Furthermore, increased IGFBP-3 expression has been observed in liver and lymph node metastases of pancreatic endocrine neoplasms (47) , although it is antimetastatic in lung cancer (44) . The factors underlying these contrasting responses are not well understood.
In this study, MS-275 significantly stimulated the migration of HepG2 cells, an effect that was entirely blocked by IGFBP-3 silencing. The pro-migratory effect of MS-275 in this hepatoma cell line, dependent on IGFBP-3, contrasts with its inhibition of cell growth. A possible IGF-independent mechanism by which IGFBP-3 could induce pro-migratory pathways is by up-regulating or activating sphingosine kinase 1, as demonstrated in endothelial (45) and breast epithelial (13) cell lines. Sphingosine kinase 1 activity leads to the generation of sphingosine 1-phosphate, a well known inducer of migration in some cancer cell types (48, 49) . Whether this mechanism also leads to stimulation of hepatoma cell migration is unknown. It is notable that in a study in which IGFBP-3 transcripts were detected in only 10% of 57 intrahepatic HCC tumors, lung metastases in four patients showed IGFBP-3 expression (1), consistent with the idea that IGFBP-3 may have a positive effect on cell migration.
A microarray analysis of genes induced by MS-275 and dependent on IGFBP-3 revealed two possible mediators of the stimulatory effect of IGFBP-3 on HepG2 migration. Down-regulation of either LYVE1 or THBS2 substantially ablated the stimulatory effect of MS-275 on migration, possibly through different pathways because LYVE1 down-regulation had no effect on basal migration, whereas THBS2 down-regulation was inhibitory to both basal and MS-275-stimulated migration. Neither protein has previously been described as being regulated either by histone acetylation or by IGFBP-3.
LYVE1 is an integral membrane glycoprotein that is used as a marker of lymphatic vessels (50, 51) . Relative to its expression in normal liver, LYVE1 shows progressive down-regulation from polyclonal cirrhotic nodules to monoclonal cirrhotic nodules to HCC (52) . Together with IGFBP3, LYVE1 is one of seven down-regulated genes in a 12-marker panel developed to distinguish early HCC from dysplastic nodules (53) . LYVE1, which is identical to cell surface retention sequence binding protein-1 (CRSBP-1), has been reported to bind IGFBP-3 and to enhance autocrine growth mediated by IGFBP-3 in lung cancer cells (54) . Thus, it is of particular interest that we have identified this protein as being coordinately regulated with IGFBP-3 and suppressed in response to IGFBP-3 silencing. Although we found that LYVE1 down-regulation did not affect HepG2 viability or proliferation in response to MS-275, its apparent role in modulating hepatoma cell migration makes it an important target for further study.
In contrast to LYVE1, THBS2, a large trimeric matricellular protein that was also MS-275-induced and IGFBP-3-dependent, has not been linked functionally to IGFBP-3. However, our demonstration that THBS2 was one of the enabling genes in the IGFBP-3-dependent, MS-275-induced increase in hepatoma cell migration is consistent with a recent computational analysis of metastasis-associated gene expression, showing that THBS2 is among the genes most strongly associated with metastasis across multiple cancer types (55) . Surprisingly, in THBS2-null mice, matrix metalloprotease (MMP)-2, a promigratory matrix metalloprotease involved in tumor invasion, is up-regulated, suggesting that MMP-2 is not involved in the observed effect of THBS2 on migration in HepG2 cells, where its down-regulation by siRNA inhibited both basal and MS-275-induced migration. However, it has been proposed that THBS2-MMP-2 complexes may be cleared by low density lipoprotein receptor-related protein (LRP-1) (56), an endocytotic receptor thought to bind and mediate some growth-inhibitory effects of IGFBP-3 (57) . It may be speculated that if IGFBP-3, as an LRP-1 ligand, can inhibit the internalization and clearance of THBS2-MMP-2 complexes in HepG2 cells, this may account in part for the promigratory effect of IGFBP-3 in these cells.
In summary, we have shown that expression of IGFBP-3, epigenetically suppressed in liver cancer cells, could be reactivated by the HDAC inhibitor MS-275 through a direct effect on acetylated histone H3 binding to the IGFBP3 promoter. Upregulation of the cell cycle inhibitor p21 by MS-275 was secondary to the induction of IGFBP-3, because it was significantly attenuated by IGFBP-3 silencing. MS-275 unexpectedly enhanced the migration activity of hepatoma cells, and this effect could also be attributed to IGFBP-3 induction. We identified two MS-275-inducible genes, THBS2 and LYVE1, whose induction was strongly attenuated when IGFBP-3 was downregulated. Silencing of either of these genes by siRNA was sufficient to prevent the enhancement of cell migration by MS-275. We conclude that reactivation of IGFBP-3 expression in liver cancer by HDAC inhibition, although inhibitory to cell growth, is likely to be accompanied by enhanced cell motility that could be associated with an increased propensity for metastatic spread despite inhibited cell proliferation. The disparate effects of IGFBP-3 reactivation on tumor proliferation and migration may therefore raise questions about the therapeutic benefit of HDAC inhibition in hepatoma.
